INTRODUCTION
============

Microtubule-organizing centers (MTOCs) are the sites of micro­tubule nucleation in cells and are essential for the formation of interphase microtubule cytoskeletons, bipolar mitotic spindles, cilia, and flagella. Centrosomes, basal bodies, and their functional equivalents in fungi, spindle pole bodies (SPBs), are the principal MTOCs. Centrosomes and SPBs are also the hubs of signaling pathways regulating cytokinesis ([@B70]; [@B91]; [@B57]) and the cell cycle ([@B90]; [@B28]; [@B42]). Owing to the importance of the MTOCs, their duplication and maintenance must be tightly controlled ([@B82]), and abnormalities in these structures result in a variety of diseases, including brain development defects, ciliopathies, and cancers ([@B62]; [@B92]; [@B35]; [@B11]; [@B36]; [@B81]; [@B12]).

Centrins are highly conserved, calmodulin-like proteins ([@B99]; [@B98]; [@B74]) that are essential for the assembly and integrity of centrosomes, basal bodies, and SPBs in many organisms ([@B112]; [@B73]; [@B100]; [@B86]; [@B107]; [@B26]; [@B25]; [@B113]). Because most centrin molecules are not centrosomal ([@B87]), it is not surprising that centrins also appear to be involved in other cellular events, including organelle segregation ([@B102]), mRNA transport ([@B29]), DNA repair ([@B6]), and protein degradation ([@B21]). The various functions of centrins are exerted via different binding partners.

Sfi1 (Suppressor of *fil1*; [@B63]) is an important binding partner of centrin that has been well characterized in *Saccharomyces cerevisiae*. Sfi1 contains multiple internal repeats, and each repeat has a conserved Trp ([@B53]). Elegant structural analyses showed that in the elongated Sfi1/Cdc31 filament, each Sfi1 repeat binds to one molecule of the centrin Cdc31 ([@B53]; [@B64]) and that these proteins colocalize to the half-bridge, the electron-dense region on the nuclear envelope next to the triple-layer core SPB ([@B15]; [@B104]; [@B1]; [@B53]; [@B50]). The C-terminus of Sfi1 plays a role in spindle formation ([@B3]), but the additional roles of Sfi1 in SPB assembly remain incompletely understood. The elongation of the half-bridge has been hypothesized to be mediated by the interaction between the C-termini of two Sfi1 molecules and to initiate the assembly of the new SPB ([@B51]; [@B64]). However, how and when Sfi1 is recruited to the SPBs remain unknown.

Sfi1 or Sfi1-like proteins have been found in all fungal and animal cells that have been examined, as well as in some more distantly related eukaryotes. It has been postulated that Sfi1 and centrin form the duplication unit that evolved into the cartwheel in centriole duplication ([@B98]). Strikingly, the ciliate *Tetrahymena thermophila* has 13 Sfi1-related proteins, which localize asymmetrically on basal bodies ([@B106]), and in its relative *Paramecium tetraurelia*, an Sfi1-like protein mediates centrin-based contractility of the cytoskeletal network ([@B38]). Human hPOC5 has three Sfi1-like centrin-binding repeats and is essential for centriole elongation ([@B7]). Another human homologue, hSfi1, also localizes to the centrosomes ([@B53]) and interacts with human centrin 2 ([@B67]), but its function remains unclear.

Of the *S. cerevisiae sfi1* or *cdc31* mutants identified so far, many arrest with single SPBs and monopolar spindles ([@B114]; [@B47]; [@B53]; [@B86]). Of interest, some temperature-sensitive mutants arrest in the first mitosis after a shift to restrictive temperature, whereas others can form bipolar spindles in the first mitosis and only arrest in the second cell cycle ([@B47]; [@B53]). Although monopolar spindle formation is the expected final outcome of a failure in SPB duplication, it has been difficult to explain the differences between these mutants, which will be necessary for full understanding of the functions of centrin and Sfi1. In addition, although the highly conserved Trp in each internal repeat has been presumed to be important for Sfi1 function ([@B53]; [@B64]), the consequences of mutations at these sites for function in vivo remain untested.

Whereas the *S. cerevisiae* SPB is embedded in the nuclear envelope throughout the mitotic cell cycle ([@B94]; [@B15], [@B16]), the SPB of the fission yeast *Schizosaccharomyces pombe* is inserted into the nuclear envelope only during mitosis ([@B71]; [@B109]; [@B27]). During most of the cell cycle, the *S. pombe* SPB is very close to the cytoplasmic side of the nuclear envelope, similar to centrosomes in metazoans ([@B14]). Thus studying proteins involved in SPB assembly in *S. pombe* may provide valuable insights into centrosome biology. The morphology of *S. pombe* SPBs at different cell cycle stages and its mechanisms of duplication have been studied using electron microscopy (EM; [@B71]; [@B27]; [@B111]). Duplication appears to initiate in G1/S ([Figure 1A](#F1){ref-type="fig"}), with maturation continuing as the cell cycle proceeds, but this process has been little studied in live cells. *S. pombe* Sfi1 localizes to SPBs and has 20 internal, Trp-containing repeats, but it shares little homology with *S. cerevisiae* Sfi1 at the N- and C-termini, and its functions remain largely unknown ([@B53]).

![Mitosis and cytokinesis defects in *sfi1-M46* cells. (A) *S. pombe* cell cycle. Red dots, SPBs; blue circles, nuclei; green line, spindle; purple circles, contractile rings; black, cell wall and septum. Red open circles represent new SPBs that are being assembled; different stages of assembly are not distinguished here. In the rightmost cell, the duplicated SPBs are connected by a bridge before spindle formation and are not resolvable by light microscopy at this stage. (B) DIC images of wt (strain JW729) and *M46* (JW3887) cells grown in YE5S medium at 25ºC. The various morphological defects are indicated by numbers: 1) multiple septa; 2) aberrant septa; 3) septum in a short cell; 4) cell lysis; 5) lack of septum in an elongated cell. Arrowheads mark septa. (C, D) Percentages of septating cells with more than one septum (C) and of septating cells \<9 μm (D) in wt (JW729) and *M46* (JW3887) cells. Cells were grown in YE5S at 25°C or shifted to 36°C for 4 h before imaging. Means ± SDs from three independent experiments. *n \>* 40 septating cells for each experiment. (E) Schematic representation of Sfi1 domains. W, the Trp-containing repeat; the repeat with a mutated Trp in *sfi1-M46* is shown in red. (F) Time courses of localization of Cdc7-EGFP and Rlc1-tdTomato in *sfi1^+^* (JW4558) or *sfi1-M46* (JW4557) cells. Cdc7 signal is indicated by arrowheads. Asterisks, the abnormal septum. In this and other figures, dashed lines mark cell boundaries. (G) Mitotic defects revealed by Hoechst 33258 staining of *sfi1-M46* cells; the dye stains both DNA and newly formed septa. Green box, cells with one septum and defective DNA separation; blue box, a cell with abnormal DNA but no septum; red box, cells with multiple or abnormal septa. Most such cells also show mitotic defects, but in ∼15%, no mitotic defect is evident by DNA staining. Bars, 5 μm.](2735fig1){#F1}

Here we describe the first full characterization of Sfi1 in *S. pombe*. We began with the identification of an *sfi1* mutant with cytokinesis phenotypes (*sfi1-M46*). We found that the mutated residue in Sfi1-M46 is one of the conserved Trps, that the cytokinesis defects are correlated with prolonged septation initiation network (SIN) activity as a consequence of mitotic failure, and that unequal partitioning of Sfi1-M46 underlies the mutant\'s defects in mitosis and SPB assembly. Strikingly, Sfi1 is recruited to the SPB throughout the cell cycle, suggesting that the current model for SPB assembly may require some modification.

RESULTS
=======

A conserved Trp is mutated in the *sfi1-M46* mutant
---------------------------------------------------

To identify potential regulators of cytokinesis, we examined several uncharacterized morphogenetic mutants that were isolated in a previously described screen ([@B17]; [@B18]). Wild-type (wt) *S. pombe* cells form a single septum perpendicular to the long axis of the cell. In contrast, the *M46* mutant exhibited a variety of cytokinesis defects, including long and unseptated cells, cells with multiple and/or aberrant septa, or cell lysis ([Figure 1, B and C](#F1){ref-type="fig"}). In addition, although wt cells form a septum only when they are ∼14 μm in length ([@B66]; [@B78]), many septating *M46* cells were \<9 μm ([Figure 1D](#F1){ref-type="fig"}). To identify the mutation, the genome of *M46* was sequenced, revealing a T-to-C mutation at the *sfi1* locus that changes the conserved Trp in the ninth internal repeat to Arg (W434R; [Figure 1E](#F1){ref-type="fig"}). When this same mutation was introduced into a wt strain (see *Materials and Methods*), the same defects were observed, confirming that the phenotypes observed in *M46* are due to the W434R mutation in *sfi1*. Thus we named the mutant allele *sfi1-M46*. Because it has never been reported that Sfi1 or Sfi1-like proteins are involved in cytokinesis, we further investigated the functions of Sfi1 and how cytokinesis is affected in *sfi1-M46* cells.

Mitotic defects and aberrant septation in *sfi1-M46* cells
----------------------------------------------------------

In *S. pombe*, septum formation is regulated by the SPB-associated SIN pathway comprising scaffold proteins, the GTPase Spg1, three kinases, including Cdc7, and their regulators ([@B57]; [@B39]). We examined SIN activity using a Cdc7--enhanced green fluorescent protein (EGFP) marker, which localizes to SPBs only with GTP-bound Spg1 ([@B103]; [@B40]). In wt cells, GTP-bound Spg1, and thus Cdc7, localizes to both SPBs in early mitosis, but is only on the new SPB beginning in anaphase and begins to disappear during contractile-ring constriction ([@B39]; [Figure 1F](#F1){ref-type="fig"}, arrowheads). In contrast, in *sfi1-M46* cells, we frequently observed one or more foci of ectopic Cdc7 signal in septated cells ([Figure 1F](#F1){ref-type="fig"}, arrowheads), often accompanied by the assembly of an additional contractile ring and formation of a second septum ([Figure 1F](#F1){ref-type="fig"}). Whether each Cdc7 focus represents one SPB or the SPBs are fragmented in these cells is not clear. Nevertheless, our results suggest that the cytokinesis defects in *sfi1-M46* cells are associated with abnormal SIN activity and/or defects in the SPBs.

Mitotic defects were observed in several *S. cerevisiae sfi1* mutants ([@B53]; [@B3]). Similarly, *S. pombe sfi1-M46* cells also had defects in mitosis. In many cells with or without obvious cytokinesis defects, nuclear DNA was found located exclusively in one of the daughter-cell compartments or stuck in the middle of the cell ([Figure 1G](#F1){ref-type="fig"}), similar to what is observed with the *cut* mutants ([@B45]). Thus mitotic defects seem likely to precede the cytokinesis defects in *sfi1-M46* cells, and we focused our further studies on how Sfi1 regulates mitosis and SPB assembly. However, it should be noted that some *sfi1-M46* cells displayed cytokinesis defects without obvious mitosis defects ([Figure 1G](#F1){ref-type="fig"}), so that we cannot rule out the possibility that Sfi1 plays additional direct roles in regulating cytokinesis.

Sfi1 is essential for bipolar-spindle formation
-----------------------------------------------

To test the presumed importance of Sfi1 in mitosis and SPB assembly, we observed the phenotypes of *sfi1∆* cells. The α-tubulin Atb2 and Pcp1, the homologue of *S. cerevisiae* core SPB protein Spc110 and human pericentrin ([@B56]; [@B31]), were tagged with monomeric red fluorescent protein (mRFP) and GFP to visualize spindles and SPBs, respectively. We generated a diploid strain that was homozygous for the tagged genes and deleted one copy of *sfi1* in this strain. After sporulation, only two spores from each tetrad formed visible colonies ([Figure 2A](#F2){ref-type="fig"}), confirming that *sfi1* is an essential gene, consistent with data from the genome-wide gene-deletion project ([@B54]). The *sfi1∆* segregants died as groups of 2--15 cells ([Figure 2B](#F2){ref-type="fig"}). Of interest, tetrad fluorescence microscopy (see *Materials and Methods*) revealed that all four germinated spores from each tetrad formed bipolar spindles in their first mitotic divisions ([Figure 2C](#F2){ref-type="fig"}, *n =* 9 tetrads; Supplemental Video S1). In some tetrads, but not all, monopolar spindles were observed in the *sfi1∆* colonies during the second mitotic division ([Figure 2D](#F2){ref-type="fig"}, *n* \> 10 tetrads; Supplemental Video S2). Thus Sfi1 is essential for bipolar-spindle assembly, although the maternal contribution of Sfi1 is sufficient for successful mitosis at the first cell cycle (and sometimes one or a few additional cell cycles).

![Sfi1 is essential for bipolar spindle formation. (A) Dissected tetrads from *sfi1∆/sfi1^+^* diploid strain (JW5364) after 7 d on YE5S plate at 25°C. Colonies in each row are from the same tetrad. (B) Cell numbers in *sfi1∆* microcolonies after tetrads were incubated on YE5S plates at 25°C for 12 d. (C, D) Cells expressing both Pcp1-GFP (green) and mRFP-Atb2 (red). (C) The first mitotic division of the four germinating spores from one *sfi1∆/sfi1^+^* tetrad imaged with an interval of 10 min. Time zero indicates SPB separation. See Supplemental Video S1 for the complete time series. (D) Monopolar spindle formation in *sfi1∆* segregants starting from the second mitotic division. Colonies in the same row are from the same *sfi1∆/sfi1^+^* tetrads, and three tetrads imaged at different times are shown. DIC images of one wt and one *sfi1∆* colony in each tetrad are shown. *sfi1^+^* colonies at 2 d had grown bigger than the imaged field, so that only the colony edges were imaged. Arrowheads, monopolar spindles. See Supplemental Video S2 for the complete time series. Bars, 5 μm.](2735fig2){#F2}

Sfi1 is recruited to SPBs gradually throughout the cell cycle
-------------------------------------------------------------

To further explore Sfi1 function, we tagged the endogenous *sfi1* gene at its C-terminus with sequences encoding tdTomato or monomeric EGFP (mEGFP). Sfi1 localized to SPBs ([Figure 3A](#F3){ref-type="fig"}) as expected ([@B53]). However, its colocalization with the pericentrin Pcp1 was not perfect. Before mitotic entry, the Pcp1 focus (containing duplicated but unseparated SPBs) often appeared to be more elongated than the Sfi1 focus ([Figure 3B](#F3){ref-type="fig"}, *t* = −2). In cells entering mitosis, there appeared to be a single Sfi1 focus in the region between the two resolvable Pcp1 foci ([Figure 3B](#F3){ref-type="fig"}, *t* = 0; *n* = 16 cells). Later, both SPBs had side-by-side Sfi1 and Pcp1 signal ([Figure 3B](#F3){ref-type="fig"}, *t* = 2). We also tested for colocalization of Sfi1 and its presumed binding partner, the centrin Cdc31. As expected, the two proteins colocalized closely (Supplemental Figure S1A). Given these data and previous information about centrins in yeasts ([@B104]; [@B86]) and Sfi1 in *S. cerevisiae* ([@B53]), it seems likely that Sfi1 localizes to the SPB half-bridge in fission yeast.

![Localization and recruitment of Sfi1 to SPBs. (A) Approximate colocalization of Pcp1-GFP and Sfi1-tdTomato (strain JW4685). (B) Spatial relationships between Pcp1-GFP and Sfi1-tdTomato in a cell entering mitosis (JW4685). The first time point with two resolvable Pcp1 foci was defined as time zero. Left, maximum projections of stacks covering the whole cell; right, twofold blow-ups of the images on the left. Bar on the right, 1 μm. (C) Numbers of Sfi1 molecules on each SPB at different cell cycle stages in an asynchronous cell population. For cells in mitosis or septation, each SPB was measured separately for this and other figures. The mean numbers of Sfi1 molecules on each SPB in septating (*n* = 56) and late interphase (length ≥12 μm; *n* = 23) cells were 220 and 360, respectively, and are indicated by horizontal lines. (D) Numbers of Sfi1 molecules on SPBs over time in individual wt cells (JW4361). Each gray line represents one SPB. Time zero is the first time point with two resolvable SPBs in that cell. Mean molecules (±SEM) of 20 separated SPBs are plotted in red (before) and purple (after cell separation). Bars, 5 μm (except where noted).](2735fig3){#F3}

Using the fluorescence intensity of the SPB-localized SUN-domain protein Sad1-mEGFP as a known standard ([@B118]), we quantified the numbers of Sfi1-mEGFP molecules in cells and on SPBs. On average, each cell had ∼2000 Sfi1 molecules (Supplemental Figure S1B). The total number of Sfi1 molecules increased with cell length, whereas Sfi1 concentration remained constant (Supplemental Figure S1, C and D). Only ∼17% of the total Sfi1 molecules were on SPBs (Supplemental Figure S1E). In an asynchronous population, we used the spindle length (distance between the SPBs), septum, and cell length as indicators ([Figure 1A](#F1){ref-type="fig"}) to investigate Sfi1 recruitment to SPBs at different cell cycle stages. Surprisingly, Sfi1-mEGFP levels on the SPBs increased from 220 ± 60 molecules during septation (*n* = 56) to 360 ± 80 molecules in late G2 (*n =* 23; [Figure 3C](#F3){ref-type="fig"}), which was not predicted by previous models for SPB duplication in budding and fission yeasts ([@B111]; [@B64]). The SPBs in mitotic cells had slightly lower amounts of Sfi1 (190 ± 60 molecules) compared with septating cells ([Figure 3C](#F3){ref-type="fig"}), suggesting that Sfi1 recruitment started during mitosis. To investigate the recruitment of Sfi1 to the SPB with higher temporal resolution, we performed single-cell analysis over time ([Figure 3D](#F3){ref-type="fig"}). Of interest, each daughter SPB inherited less than half of the Sfi1 molecules during SPB separation (∼130 at *t* = 0 vs. ∼360 at *t* = −10), suggesting that ∼100 Sfi1 molecules dissociate from each SPB pair during its separation to form two separate SPBs. Consistent with the observations on the asynchronous population, Sfi1 levels at SPBs gradually increased throughout the cell cycle. Sfi1 was recruited to SPBs at a relatively rapid rate of ∼2.4 molecules/min during mitosis ([Figure 3D](#F3){ref-type="fig"}, *t* = 0--30) and at a slower but steady rate of ∼0.8 molecule/min during the rest of the cell cycle ([Figure 3D](#F3){ref-type="fig"}, *t* = 30--185), and ∼220 Sfi1 molecules were on each SPB during septation ([Figure 3D](#F3){ref-type="fig"}, *t* = 30--55). A concern with using Sfi1-mEGFP to investigate Sfi1 recruitment is that the tagged protein might be recruited differently from the untagged one, particularly given that the C-terminus of Sfi1 is known to be involved in SPB duplication ([@B64]). However, the growth rates of *sfi1-mEGFP* cells were indistinguishable from those of wt cells at both 25 and 36°C (Supplemental Figure S2A). In addition, Sfi1-mEGFP competed efficiently with untagged Sfi1 for localization in diploid cells. We observed Sfi1-mEGFP signal on the SPBs in every *sfi1-mEGFP/sfi1^+^* diploid cell, just as in haploid or diploid cells expressing only Sfi1-mEGFP (Supplemental Figure S2B and [Figure 3A](#F3){ref-type="fig"}). Moreover, the presence of endogenous untagged Sfi1 reduced Sfi1-mEGFP levels on SPBs to ∼50% but did not affect its recruitment pattern, including the faster rate in mitosis and slower rate during the rest of the cell cycle (Supplemental Figure S2C). Thus the mEGFP tag does not appear to significantly affect Sfi1 assembly or function.

The temporal patterns of recruitment of different SPB proteins in live cells have been little studied previously. To test whether what we observed with Sfi1 is a common feature for SPB proteins, we also analyzed the recruitment of four other SPB proteins: Cut12-NEGFP, Pcp1-GFP, Ppc89-GFP, and Sid4-GFP. Cut12 plays a role in inserting SPBs into the nuclear envelope at mitotic entry ([@B108]), and the pericentrin Pcp1 recruits the Polo kinase Plo1 and the γ-tubulin complex to SPBs ([@B32]). Both Cut12-NEGFP and Pcp1-GFP maintained stable levels on SPBs during most of the cell cycle, and their levels increased abruptly right before or during spindle formation (Supplemental Figure S3, A and B). Ppc89 links the SIN pathway to the SPBs ([@B97]). The Ppc89-GFP levels on SPBs increased gradually from mitosis to G2, and the recruitment accelerated ∼1 h before spindle formation (Supplemental Figure S3C). Sid4 is the scaffold protein for the SIN pathway ([@B20]; [@B77]). The Sid4-GFP levels on SPBs increased from late G2 through septation and remained at a steady state during early G2 phase (Supplemental Figure S3D). Thus we found that SPB proteins with different functions had distinct patterns of recruitment during the cell cycle (Supplemental Figure S3E).

SPB duplication is affected in *sfi1-M46* cells
-----------------------------------------------

We next tested whether the mitotic defects in *sfi1-M46* cells might be due to compromised localization of Sfi1 to SPBs. Although 100% of cells expressing Sfi1-mEGFP and Sad1-tdTomato showed colocalization of these proteins at the SPBs, ∼28% of cells expressing Sfi1-M46-mEGFP were defective in localizing it to the SPBs (Figure 4A and Supplemental Figure S4A). Moreover, although 100% of wt cells formed bipolar spindles with both Pcp1 and Sfi1 localized to both SPBs ([Figure 4](#F4){ref-type="fig"}, B and D, left), only ∼80% of *sfi1-M46* cells formed bipolar spindles ([Figure 4B](#F4){ref-type="fig"}, right, arrowhead). The remaining ∼20% of *sfi1-M46* cells formed monopolar spindles ([Figure 4B](#F4){ref-type="fig"}, right, asterisks), and none of these cells showed Sfi1-M46 protein at the SPB ([Figure 4C](#F4){ref-type="fig"}). Even among the *sfi1-M46* cells that formed bipolar spindles, one or both SPBs often failed to show a detectable Sfi1-M46-mEGFP signal ([Figure 4D](#F4){ref-type="fig"}, right). Taken together, these results suggest that Sfi1-M46 does not localize normally to SPBs and that this defect might affect spindle formation.

![Regulation of SPB assembly and mitosis by Sfi1. (A) Localization of Sad1 and Sfi1 in *sfi1^+^* (JW4841) and *sfi1-M46* (JW4842) cells. Percentages of cells with detectable Sfi1-mEGFP signal at the Sad1-tdTomato foci (SPBs) are shown on the right. (B) Monopolar-spindle formation by some *sfi1-M46* cells (asterisks). Arrowheads mark bipolar spindles. Strains were JW5285 and JW5377. The percentages of spindles that were bipolar spindles are shown below the images. (C, D) Localization of Sfi1-mEGFP in *sfi1^+^* (JW4829) and *sfi1-M46* (JW4831) cells. Spindles are marked by mRFP-Atb2. (C) Apparent absence of Sfi1-M46 from SPBs in cells with monopolar spindles. (D) Absence of detectable Sfi1-M46 at the poles of some bipolar spindles. Percentages of cells with Sfi1-M46 on 2, 1, or 0 SPBs are shown at the bottom. Bars, 5 μm (A--D). (E--H) Electron micrographs of *sfi1^+^ cdc10-V50* (JW5132; E and F) and *sfi1-M46 cdc10-V50* (JW5130-3; G and H) cells grown at 36°C for 4.5 h. Graphic illustrations are shown below or on the right of micrographs. (F--H) Thin sections spaced at 70 nm of the same cell are shown in each panel. B, the bridge; C, cytoplasm; CP, central plaque, N, nucleus; SPB, spindle pole body. Arrows indicate nuclear envelopes; black arrowhead, invaginated nuclear envelope; white arrowhead, bulged nuclear envelope; black asterisks, dark-stained material deposited close to invaginated nuclear envelope; white asterisks, dark-stained material in the cytoplasm. Bars, 100 nm (E--H).](2735fig4){#F4}

Fluorescence recovery after photobleaching (FRAP) analyses showed that both Sfi1 and Sfi1-M46 were quite stable on SPBs (Supplemental Figure S4, C and D), and most Sfi1-M46 foci still contained Cdc31 (Supplemental Figure S4E), suggesting that the defects in *sfi1-M46* cells are not due to different Sfi1 dynamics or abolishment of Cdc31 on SPBs. We next quantified the numbers of Sad1 molecules at different cell cycle stages to further investigate the apparent SPBs abnormalities in *sfi1-M46* cells. Like Sfi1, Sad1 on SPBs increased during septation and G2 phase in *sfi1^+^* and most *sfi1-M46* cells (Supplemental Figure S4, A and B). In wt cells, it increased from ∼500 to ∼1000 molecules from early mitosis to G2/M (Supplemental Figure S4B). In *sfi1-M46* cells that grew longer without dividing, there were usually ∼500 or ∼1000 molecules of Sad1 on each SPB (Supplemental Figure S4B), suggesting that Sad1 recruitment and SPB assembly are defective in some *sfi1-M46* cells.

We used EM to further investigate the apparent SPB defects in *sfi1-M46* cells. At the restrictive temperature, 97% of *cdc10-V50* cells arrest with duplicated SPBs connected by the electron-dense bridge ([@B111]). Depending on the angle of sectioning, duplicated SPBs appear as an extended structure in which the central plaques and a well-defined bridge are visible in a single section ([Figure 4E](#F4){ref-type="fig"}) or as an ellipse present in multiple serial sections ([Figure 4F](#F4){ref-type="fig"}). When *sfi1-M46 cdc10-V50* cells were arrested under the same conditions, the morphologies of the SPBs were altered. In some cells, the elliptical electron densities corresponding to the SPBs and bridges appeared in fewer serial sections than in *sfi1^+^* cells even though the sizes of the ellipses were similar, suggesting that those SPBs had not duplicated (36%, *n =* 25; [Figure 4G](#F4){ref-type="fig"}). Invagination of the nuclear envelope and the deposition of dark-staining material between it and the SPB are normal features of SPB maturation ([@B27]; [@B111]). However, in 56% of *sfi1-M46 cdc10-V50* cells with defective SPB duplication (*n* = 9), dense aggregates were found in the cytoplasm near the SPBs ([Figure 4H](#F4){ref-type="fig"}). These aberrant structures may include components of the cytoplasmic plaques of the SPBs and/or Sfi1-M46 mutant protein and other components of the bridge. In addition, bulges on the nuclear envelope were frequently observed in *sfi1-M46 cdc10-V50* cells ([Figure 4H](#F4){ref-type="fig"}). Although it was not clear from these observations whether the primary defect lies in formation of the half-bridge or in a failure to initiate assembly of the daughter SPB, the data did confirm that SPB assembly is affected in *sfi1-M46* cells.

Unequal partitioning of Sfi1-M46 during mitosis and its consequences
--------------------------------------------------------------------

To explore why SPB assembly is defective in *sfi1-M46* cells, we quantified the Sfi1 and Sad1 levels of the two daughter SPBs in the same cell during mitosis ([Figure 5A](#F5){ref-type="fig"}). In *sfi1^+^* cells, the two SPBs in one cell had similar amounts of both Sfi1 and Sad1 ([Figure 5, A--C](#F5){ref-type="fig"}). In contrast, in *sfi1-M46* cells, although the relative levels of Sad1 in pairs of SPBs were only slightly altered, the relative levels of Sfi1-M46 could be as different as 100% ([Figure 5, B and C](#F5){ref-type="fig"}; also see [Figure 4D](#F4){ref-type="fig"}), indicating an unequal partitioning of Sfi1 but not Sad1.

![Preferential localization of Sfi1-M46 to the SPB that does not retain Cdc7 during cell division. (A--C) Quantification of fluorescence intensity differences between the two SPBs in individual cells of strains JW4841 (*sfi1*^+^) and JW4842 (*sfi1-M46*). (A) Representative images of Sfi1 and Sad1 and method of calculation. (B, C) Measured differences in Sfi1 (B) and Sad1 (C) intensities. Asynchronous cells with SPBs at a variety of distances from each other were scored. (D, E) Three patterns of Sfi1partitioning in *sfi1^+^* (JW5203) and *sfi1-M46* (JW5215) cells during division. (D) Images were collected at 10-min intervals; the first time with two distinct Sad1-marked SPBs is set as 0. Pattern I, Sfi1 detectable at both SPBs; pattern II, Sfi1 detectable only at the SPB that does not retain Cdc7 signal; pattern III, Sfi1 detectable only at the SPB that retains Cdc7 signal. Bars, 5 μm. (E) Quantification of cells displaying pattern I, II, or III (or no detectable Sfi1 signal) at the 30-min time point (D).](2735fig5){#F5}

We then tested whether Sfi1-M46 localizes preferentially to a specific SPB by comparing the localizations of Sad1, Cdc7, and Sfi1 in *sfi1^+^* and *sfi1-M46* cells during division. In wt cells, Cdc7 localizes preferentially to the new SPB during late anaphase ([@B40]). As expected, 30 min after SPB separation, all *sfi1^+^*cells had Sad1 and Sfi1 on both SPBs and Cdc7 on one SPB ([Figure 5, D and E](#F5){ref-type="fig"}, pattern I). In contrast, 47% of *sfi1-M46* cells had Sfi1-M46 only on the SPB that lacked Cdc7 (pattern II), 13% had Sfi1-M46 only on the Cdc7-retaining SPB (pattern III), and 4% had no detectable Sfi1-M46 ([Figure 5, D and E](#F5){ref-type="fig"}). We conclude that Sfi1-M46 preferentially remains on the SPB that does not retain Cdc7. This SPB is presumably the new one, although we cannot exclude the possibility that Cdc7 distribution is affected in *sfi1-M46* cells.

We reasoned that this unequal partitioning of Sfi1-M46 might underlie defects in SPB assembly and spindle formation in the mutant cells that would cause arrest at the second mitosis ([Figure 6A](#F6){ref-type="fig"}). However, the percentage of cells forming monopolar spindles (∼20%; [Figure 4B](#F4){ref-type="fig"}) was lower than the percentage of cells presumed to inherit no detectable Sfi1-M46 (34--37%, as calculated from the data in [Figures 4D and 5E](#F4){ref-type="fig"}). These data suggested that the fate of the daughter cell is not solely determined by the inheritance of Sfi1 at mitosis and thus that the recruitment of Sfi1-M46 in interphase might allow some cells to recover enough Sfi1 to assemble a new SPB.

![Unequal partitioning of Sfi1-M46 underlies the mitotic defects. (A) Illustration of SPB-assembly cycle in *sfi1^+^* and *sfi1-M46* cells (see the text for details). (B) Illustration of imaging cells for two cell cycles. SPB color code as used in E and F. (C, D) Representative images from a time-lapse series with *sfi1^+^* (C; strain JW4829) and *sfi1-M46* (D; strain JW4831) cells. See Supplemental Videos S3 and S4 for the full series. Arrowheads, bipolar spindles; asterisks, monopolar spindles; arrow, the appearance of Sfi1-M46 in a cell that had no detectable Sfi1 signal on the SPB after the previous mitosis. Bars, 5 μm. (E, F) Sfi1 levels on SPBs through two cell division cycles in *sfi1^+^* (E) and *sfi1-M46* (F) cells. Each line represents one SPB. Time zero is when the first SPB separation occurs. Dashed lines, SPBs without detectable signals at those time points. Asterisk, monopolar spindle formation; a.u., arbitrary units. (G) Quantification of numbers of Sfi1 foci in *sfi1^+^* and *sfi1-M46* cells during two consecutive mitoses. Daughter cells generated from the first mitosis were analyzed separately in the second mitosis.](2735fig6){#F6}

To test this hypothesis, we analyzed the levels of Sfi1 and Sfi1-M46 on SPBs through two cell cycles ([Figure 6, B--D](#F6){ref-type="fig"}). *sfi1^+^* cells grew and divided normally under our long-term imaging conditions ([Figure 6C](#F6){ref-type="fig"}). As expected ([Figures 4D and 5B](#F4){ref-type="fig"}), *sfi1^+^* cells partitioned Sfi1 approximately equally at SPB separation ([Figure 6, C and E](#F6){ref-type="fig"}, and Supplemental Video S3). In contrast, the frequent production of SPBs without detectable Sfi1 in *sfi1-M46* cells ([Figures 4, A, C, and D](#F4){ref-type="fig"}, and [5, B, D, and E](#F5){ref-type="fig"}) could have either of two sequelae. First, some daughter cells (47% of 43 cells observed) that had no visible Sfi1-M46 signal at mitosis were able to partially recover Sfi1-M46 on the SPB during interphase and form bipolar spindles in the next mitosis ([Figure 6, D](#F6){ref-type="fig"}, 290--360 min, and [F(i)](#F6){ref-type="fig"}, and Supplemental Video S4). Second, other cells (53% of the 43 cells) did not recover Sfi1-M46 levels and ended up making unipolar spindles at the next mitosis ([Figure 6, D](#F6){ref-type="fig"}, 420--670 min, and [F](#F6){ref-type="fig"}(ii), and Supplemental Video S4). We also found that unequal partitioning of Sfi1-M46 could occur regardless of its partitioning in the previous cell cycle ([Figure 6G](#F6){ref-type="fig"}). In summary, the unequal partitioning of Sfi1-M46 during SPB separation appears to result in mitotic defects in the next cell cycle, but some cells can recruit sufficient Sfi1-M46 to SPBs in interphase to allow SPB assembly. Consistent with our quantification of Sfi1 levels on SPBs, this result suggests that half-bridge and SPB assembly can start with very limited amounts of Sfi1. It is also possible that half-bridges may undergo de novo assembly.

*sfi1-M46* cells that formed bipolar spindles did not always recover Sfi1-M46 to a high level ([Figure 6F](#F6){ref-type="fig"}). To test whether lower amounts of Sfi1 are sufficient for SPB assembly, we used a *P81nmt1-mEGFP-sfi1* strain in which the expression of *sfi1* was controlled by the repressible *81nmt1* promoter. Under repressing conditions, the level of Sfi1 on SPBs was ∼30% of the endogenous level (Supplemental Figure S5, A and B). *P81nmt1-mEGFP-sfi1* cells appeared normal at 25°C and showed only mild mitosis and cytokinesis defects after 14 h at 36°C (Supplemental Figure S5C). Surprisingly, the number of Sad1 molecules on SPBs in *P81nmt1-mEGFP-sfi1* cells was not distinguishable from that in *sfi1^+^* cells (Supplemental Figure S5D), suggesting that ∼30% of normal Sfi1 is sufficient for the assembly of new SPBs.

Unequal partitioning of Sfi1 in other Trp-to-Arg mutants
--------------------------------------------------------

The *sfi1-M46* W434R mutation is in the ninth of 20 internal repeats with conserved Trp residues in the *S. pombe* protein. To determine whether it is typical for the centrin-binding Trp to affect the partitioning of Sfi1, we mutated the conserved Trp in the first (W210), sixth (W345), 14th (W573), or 20th (W763) repeat to Arg ([Figure 7A](#F7){ref-type="fig"}). Strains carrying the foregoing mutations were all viable, and all exhibited mitosis and cytokinesis defects similar to that of *sfi1-M46* but to different extents ([Figure 7, B and C](#F7){ref-type="fig"}). At 25°C, the more C-terminal the mutation was, the more severe was the phenotype. However, *sfi1(W210R)* cells were temperature sensitive and formed bipolar spindles at 25°C but monopolar spindles at 36°C ([Figure 7, B--D](#F7){ref-type="fig"}).

![The repeats in Sfi1 are all important but are not identical. (A) The positions of the *sfi1* W-to-R mutations examined in this study. (B, C) Phenotypes of the mutant strains (JW5308--JW5311) grown at 25°C or 4 h after a shift to 36°C. (B) DIC and DNA staining; arrowheads, cells with mitosis and/or cytokinesis defects. (C) Quantification of cytokinesis defects as indicated by the presence of more than one septum. Means and SDs from three independent experiments are shown. *n \>* 50 septating cells for each experiment. (D) SPBs (Pcp1) and spindles (Atb2) in the mutants (JW5285, JW5379, JW5380, JW5381, and JW5475) at 25 or 36ºC. White dashed lines outline mitotic cells; solid white line, a cell apparently without an SPB; arrowheads, bipolar spindles; asterisks, monopolar spindles. (E) Localization of Sad1 and mutant Sfi1 proteins at 25°C (strains JW4841, JW5409, JW5527, JW5410, and JW5474). Arrowheads, SPBs with Sad1 but not Sfi1; asterisk, an elongated cell with a single SPB focus containing Sad1 and Sfi1(W763R). Bars, 5 μm.](2735fig7){#F7}

We next examined the localization of the mutated Sfi1 proteins. A subset of cells in all four mutants exhibited unequal partitioning of Sfi1 ([Figure 7E](#F7){ref-type="fig"}), suggesting that the conserved Trp residues are indeed important for Sfi1 partitioning. Of interest, localized Sfi1(W763R) was found in many long cells arrested with a single SPB focus ([Figure 7E](#F7){ref-type="fig"}, asterisk), suggesting that the defects in *sfi1(W763R)* cells are not due only to the lack of localized Sfi1(W763R). In summary, although all five of the W-to-R mutants tested have similar phenotypes, it appears that the repeats in Sfi1 are not identical for its function in SPB assembly and spindle formation.

DISCUSSION
==========

The model of Sfi1 recruitment and SPB assembly
----------------------------------------------

SPB assembly includes SPB duplication and SPB maturation ([@B111]). In *S. cerevisiae*, the SPB is duplicated by the end of G1 ([@B15], [@B16]). The bridge between the duplicated SPBs is severed, and a short spindle is formed during late S phase ([@B61]). The length of the bridge connecting duplicated SPBs and the orientation of the Sfi1 molecules revealed by immuno-EM led to the proposal that half-bridge duplicates by the interaction between C-termini of two Sfi1 molecules to initiate new SPB assembly ([@B51]; [@B64]). In *S. pombe*, it has been proposed that SPB is duplicated at G1/S ([@B111]). However, unduplicated SPBs in a number of wt G2 cells were reported in several studies ([@B27]; [@B46]). It is possible that the *cdc10-V50* mutant used to synchronize cells at G1/S in [@B111]) does not block activities required for SPB duplication, although it prevents cells from entering S phase. Thus investigating Sfi1 recruitment in live cells is critical. Our analyses revealed several unexpected discoveries ([Figure 3D](#F3){ref-type="fig"}): 1) approximately one-third of Sfi1 molecules dissociate from SPBs during SPB separation, which is not observed for other SPB proteins (Supplemental Figure S3); 2) newly separated SPBs recruit Sfi1 with a faster rate during mitosis, and Sfi1 level almost doubles before cell separation (from ∼130 to ∼220 molecules); and 3) Sfi1 is recruited to SPBs throughout G2 phase at a slower but steady rate.

On the basis of these results and presumed SPB-Sfi1 and Sfi1-Sfi1 interactions, we propose two possibilities to explain Sfi1 recruitment. 1) An extended half-bridge dependent on Sfi1-Sfi1 interaction may be built early, and, as cell cycle progresses, both the old and new SPBs become associated to more Sfi1 molecules ([Figure 8](#F8){ref-type="fig"}; wt, left). This possibility seems to fit better with the EM data in *S. cerevisiae* ([@B51]; [@B64]). 2) Sfi1 recruitment may start with the Sfi1-SPB interaction in mitosis, followed by the Sfi1-Sfi1 interaction with slower kinetics ([Figure 8](#F8){ref-type="fig"}; wt, right). The second possibility would predict that unequal Sfi1 partitioning has little effect on SPB assembly, which appears to contradict our results. Alternative to these possibilities, Sfi1-Sfi1 and Sfi1-SPB interactions could take place simultaneously. More work on the kinetics of these interactions is required. In addition, the use of superresolution microscopy and immuno-EM will be important to investigate the exact locations of Sfi1 molecules on SPBs during SPB assembly.

![Summary of the apparent patterns of Sfi1 recruitment and SPB assembly in wt cells and in mutants that inherit different amounts of Sfi1 at the preceding mitosis.](2735fig8){#F8}

Despite the fact that more work is required to develop a comprehensive model, it is evident that only a limited amount of Sfi1 is required to initiate and complete SPB assembly (Figure 3D and Supplemental Figure S5). The early recruitment of Ppc89 is consistent with its role in localizing other SPB proteins ([@B97]). The late recruitment of Cut12 and Pcp1 could be due to their accumulation at the new SPB, a possibility that fits with phenotypes of *cut12* and *pcp1* mutants ([@B108]; [@B32]). Taking the results together, we favor a model in which SPB assembly initiates before G1/S and continues in G2 phase, when more Sfi1 molecules are recruited for continuation of SPB assembly and/or SPB maturation ([Figure 8](#F8){ref-type="fig"}). The earlier formation of the spindle in *S. cerevisiae* (during S phase) could make it distinct to *S. pombe* and metazoans (during mitosis) in the timing of centrosome/SPB assembly.

Sfi1 partition and inheritance
------------------------------

Here we revealed for the first time that the partition of Sfi1 is affected when the conserved tryptophans in internal repeats are mutated ([Figures 5--7](#F5 F6 F7){ref-type="fig"}). The binding of Cdc31 to the mutated repeats might be affected or abolished. The loss of 1 of 20 Cdc31-binding sites might not make a big difference in overall Cdc31 recruitment, as most Sfi1-M46 foci still contain GFP-Cdc31 signal (Supplemental Figure S4E). Instead, the mutations likely affect the structure of the Sfi1-Cdc31 filament. Varied defects in different Trp-to-Arg mutants support this speculation. After unequal partitioning, it is unclear what determines whether SPBs can acquire Sfi1-M46 in interphase. Some SPBs might inherit less but recruit sufficient Sfi1 later, whereas others might associate with little or no Sfi1 and fail SPB assembly ([Figure 8](#F8){ref-type="fig"}). The defective Sfi1 partitioning might result in structural damages on SPBs and prevent half-bridge assembly. Whether any age-dependent modifications contribute to the preference of Sfi1-M46 to the SPB without kinase Cdc7 remains unclear. SPB maturation takes more than one cell cycle, and the NimA kinase Fin1 is a marker for fully matured SPB ([@B40]). It will be interesting to investigate whether SPB maturation affects Sfi1 recruitment in different cells.

During centrosome separation, the connection between two centrosomes must be broken. Centrosome/SPB separation and spindle formation are under the control of CDK and Polo kinase ([@B60], [@B61]; [@B69]; [@B24]), and the severing of the fibrous linker ([@B34]; [@B121]) between two centrosomes is triggered by NimA-related kinase Nek2 ([@B8]; [@B9]). How the Sfi1-Cdc31 complex reacts to these signals is unknown, but the dissociation of a fraction of Sfi1 molecules ([Figure 3D](#F3){ref-type="fig"}) might be necessary for SPB separation. Many long *sfi1(W763R)* cells arrested with a single SPB focus with localized Sfi1(W763R; [Figure 7E](#F7){ref-type="fig"}), suggesting that, similar to *S. cerevisiae* Sfi1 ([@B3]), the C-terminus of *S. pombe* Sfi1 might play additional roles in SPB separation and spindle formation.

Half-bridge proteins in *S. pombe* and *S. cerevisiae* and their functions
--------------------------------------------------------------------------

The half-bridge is essential for new SPB assembly ([@B50]). Our results suggest that *S. pombe* Sfi1 also localizes to the half-bridge, although immuno-EM is required for a definitive answer in the future. In addition to Cdc31 and Sfi1, two transmembrane proteins, Kar1 ([@B96]; [@B105]) and Mps3 ([@B48]; [@B83]), also play structural roles in the *S. cerevisiae* half-bridge. In *S. pombe*, no Kar1 homologue has been identified so far. Sad1, a founding member of the SUN protein family ([@B43]), is the presumed homologue of Mps3, and overexpression of Sad1 partially rescued *mps3* phenotypes in *S. cerevisiae* ([@B49]). It is possible that, like Mps3, Sad1 links the interface of SPB and half-bridge ([@B48]) and plays a role in SPB insertion into the nuclear envelope ([@B5]; [@B49]; [@B33]).

Centrosome duplication is under the control of Mps1 kinase and Polo-like kinase Plk4 ([@B115]; [@B114]; [@B30]; [@B55]; [@B88]; [@B95]), and Mps1 substrates include centrins ([@B4]; [@B120]). Although *S. cerevisiae* half-bridge proteins are all phosphoproteins ([@B52]) and Sfi1 is a potential substrate of Cdc14 phosphatase ([@B13]), a link between phosphorylation of half-bridge proteins and SPB assembly is yet to be established. Mph1, the *S. pombe* Mps1 kinase, does not play a major role in SPB assembly ([@B44]). Plo1, the *S. pombe* Polo kinase, localizes to SPBs during mitosis ([@B80]) and regulates mitotic entry, spindle formation, and cytokinesis ([@B84]; [@B18]; [@B79]; [@B65]; [@B2]; [@B41]). How mitotic SPB assembly is affected in *plo1* mutants remains unknown, although Plo1 functions in SPB reorganization during meiosis ([@B85]).

Roles of Sfi1 in cytokinesis
----------------------------

The SPB is the hub of signaling pathways that regulate cytokinesis ([@B10]; [@B70]; [@B89]). *S. pombe cdc31* and *sfi1* mutants have similar cytokinesis defects ([Figures 1](#F1){ref-type="fig"} and [7](#F7){ref-type="fig"}; [@B86]). Because the asymmetry of SIN signaling is required for normal cytokinesis, it is not surprising that defects in SPB assembly or separation sometimes results in misregulation of SIN activity and the formation of aberrant or additional septa. Although ∼15% *sfi1-M46* cells with cytokinesis defects have normal-looking DNA or nuclei ([Figure 1G](#F1){ref-type="fig"}), we have not successfully isolated any separation-of-function *sfi1* mutants. Sfi1-M46 prefers the non--Cdc7-retaining SPB during mitosis, but no obvious correlations were found between the partition of Sfi1 and cytokinesis defects.

In summary, we characterized Sfi1 recruitment throughout the cell cycle, uncovered the importance of the conserved tryptophans for Sfi1 partitioning, and revealed the functional relevance of Sfi1 partition and recruitment. Our study argues that the roles of Sfi1 in centrosome assembly might be more complex than the current model suggests. Further investigation in different model systems is needed to unravel the complexity.

MATERIALS AND METHODS
=====================

Strain constructions and yeast methods
--------------------------------------

[Table 1](#T1){ref-type="table"} lists the *S. pombe* strains used in this study. Standard growth media and genetic methods were used ([@B76]). Media included rich yeast-extract medium plus five supplements (YE5S), Edinburgh minimal medium plus five supplements (EMM5S), and sporulation agar medium plus five supplements (SPA5S). PCR-based gene targeting was performed as described by [@B19]. All constructs made in this study were checked by PCR and/or DNA sequencing. Strains with tagged Sfi1 displayed no morphological or cell cycle defects under normal culture conditions and had similar growth rate as wt cells. New mutations in *sfi1* were made using a marker reconstitution mutagenesis method as described previously ([@B110]), with some modifications. An *sfi1* fragment including the *sfi1* open reading frame (ORF), 70 base pairs of 5′ untranslated region (UTR), and 121 base pairs of 3′ UTR was amplified from genomic DNA and cloned into pH5c, a plasmid with the C-terminus of the *his5* open reading frame and the *kan^R^* selectable marker ([@B110]), using *Bam*HI and *Bgl*II restriction sites included in the primers. Site-directed mutagenesis was then performed as described previously using pairs of back-to-back primers with their 5′ ends adjacent to each other ([@B59]). The first nucleotide (5′) of each forward primer contained the T-to-C mutation that would result in a W-to-R mutation in the Sfi1 protein. Each pair of primers was used to amplify the pH5c-sfi1 plasmid, and ligation of the linear PCR products resulted in plasmids with the desired mutations: pH5c-sfi1(W210R), pH5c-sfi1(W345R), pH5c-sfi1(W434R), pH5c-sfi1(W573R), and pH5c-sfi1(W763R). The mutated *sfi1* fragments were then amplified by PCR and transformed into a strain carrying *sfi1-his5∆C-kan* (JW4783). *his5^+^* colonies resulting from marker reconstitution were selected and checked by PCR and sequencing.

###### 

Fission yeast strains used in this study.

  Strain     Genotype                                                                                                                    Source/reference
  ---------- --------------------------------------------------------------------------------------------------------------------------- ---------------------------------------
  JW729      *h^+^ ade6-M210 leu1-32 ura4-D18*                                                                                           [@B116])
  JW3887     *h^+^ sfi1-M46 ade6-M216 leu1-32 ura4-D18*                                                                                  This study
  JW4361     *h^−^ sfi1-mEGFP-kanMX6 ade6-M210 leu1-32 ura4-D18*                                                                         This study
  JW4557     *sfi1-M46 cdc7-EGFP-kanMX6 rlc1-tdTomato-natMX6 ade6 leu1-32 ura4-D18*                                                      This study
  JW4558     *h^+^ cdc7-EGFP-kanMX6 rlc1-tdTomato-natMX6 ade6 leu1-32 ura4-D18*                                                          This study
  JW4615     *h^−^ kanMX6-81nmt1-mEGFP-sfi1 ade6-M210 leu1-32 ura4-D18*                                                                  This study
  JW4632     *h^+^ sid4-GFP-kan ade6 leu1 ura4-D18*                                                                                      This study
  JW4639     *h^+^ ppc89-GFP-kan ade6 leu1 ura4*                                                                                         This study
  JW4675     *h^−^ sfi1-tdTomato-natMX6 lys1::nmt1-GFP-cdc31-kan ade6 leu1 ura4*                                                         This study
  JW4685     *pcp1-GFP-kan sfi1-tdTomato-natMX6 ade6 leu1 ura4*                                                                          This study
  JW4758     *lys1::nmt1-GFP-cdc31-kan sfi1-M46-tdTomato-kanMX6 ade6 leu1 ura4*                                                          This study
  JW4783     *h^+^ sfi1-his5ΔC-kanMX6 his5Δ ade6-M210 leu1-32 ura4*                                                                      This study
  JW4829     *Patb2-mRFP-atb2 sfi1-mEGFP-kanMX6 ade6-M210 leu1-32 ura4-D18*                                                              This study
  JW4831     *Patb2-mRFP-atb2 sfi1-M46-mEGFP-kanMX6 ade6 leu1-32 ura4-D18*                                                               This study
  JW4841     *sad1-tdTomato-natMX6 sfi1-mEGFP-kanMX6 ade6-M210 leu1-32 ura4-D18*                                                         This study
  JW4842     *sad1-tdTomato-natMX6 sfi1-M46-mEGFP-kanMX6 ade6 leu1-32 ura4-D18*                                                          This study
  JW5088     *sad1-tdTomato-natMX6 kanMX6-81nmt1-mEGFP-sfi1 ade6-M210 leu1-32 ura4-D18*                                                  This study
  JW5130-3   *cdc10-V50 sfi1-M46-his5^+^-kanMX6 leu1-32 ura4*                                                                            This study
  JW5132     *h^+^ cdc10-V50 ade6-M216 leu1-32 ura4-D18*                                                                                 This study
  JW5203     *sad1-mCFP-kanMX6 cdc7-YFP-kanMX6 sfi1-mCherry-kanMX6 ade6-M210 leu1-32 ura4-D18*                                           This study
  JW5215     *sad1-mCFP-kanMX6 cdc7-YFP-kanMX6 sfi1-M46-mCherry-kanMX6 ade6 leu1-32 ura4-D18*                                            This study
  JW5285     *h^−^ Patb2-mRFP-atb2 pcp1-GFP-kan ade6-M210 leu1 ura4*                                                                     This study
  JW5292     *h^−^ pcp1-GFP-kan ade6-M210 leu1 ura4*                                                                                     This study
  JW5308     *h^+^ sfi1(W210R)-his5^+^-kanMX6 his5Δ ade6-M210 leu1-32 ura4*                                                              This study
  JW5309     *h^+^ sfi1(W345R)-his5^+^-kanMX6 his5Δ ade6-M210 leu1-32 ura4*                                                              This study
  JW5310     *h^+^ sfi1(W573R)-his5^+^-kanMX6 his5Δ ade6-M210 leu1-32 ura4*                                                              This study
  JW5311     *h^+^ sfi1(W763R)-his5^+^-kanMX6 his5Δ ade6-M210 leu1-32 ura4*                                                              This study
  JW5364     *sfi1∆::natMX6/sfi1^+^ Patb2-mRFP-atb2/Patb2-mRFP-atb2 pcp1-GFP-kan/pcp1-GFP-kan ade6-M210/ade6-M216 leu1/leu1 ura4/ura4*   This study
  JW5377     *Patb2-mRFP-atb2 pcp1-GFP-kan sfi1-M46 ade6 leu1-32 ura4-D18*                                                               This study
  JW5379     *Patb2-mRFP-atb2 pcp1-GFP-kan sfi1(W210R)-his5^+^-kanMX6 ade6-M210 leu1-32 ura4*                                            This study
  JW5380     *Patb2-mRFP-atb2 pcp1-GFP-kan sfi1(W345R)-his5^+^-kanMX6 ade6-M210 leu1-32 ura4*                                            This study
  JW5381     *Patb2-mRFP-atb2 pcp1-GFP-kan sfi1(W573R)-his5^+^-kanMX6 ade6-M210 leu1-32 ura4*                                            This study
  JW5409     *sad1-tdTomato-natMX6 sfi1(W210R)-mEGFP-hphMX6 ade6-M210 leu1-32 ura4*                                                      This study
  JW5410     *sad1-tdTomato-natMX6 sfi1(W573R)-mEGFP-hphMX6 ade6-M210 leu1-32 ura4*                                                      This study
  JW5474     *sad1-tdTomato-natMX6 sfi1(W763R)-mEGFP-hphMX6 ade6-M210 leu1-32 ura4*                                                      This study
  JW5475     *Patb2-mRFP-atb2 pcp1-GFP-kan sfi1(W763R)-his5^+^-kanMX6 ade6-M210 leu1-32 ura4*                                            This study
  JW5527     *sad1-tdTomato-natMX6 sfi1(W345R)-mEGFP-hphMX6 ade6-M210 leu1-32 ura4*                                                      This study
  JW5933     *h^+^/h^−^ sfi1^+^/sfi1-mEGFP-kanMX6 ade6-M216*/*ade6-M210 leu1-32/leu1-32 ura4^+^/ura4-D18*                                This study
  JW5936     *h^+^/h^−^ sfi1-mEGFP-kanMX6/sfi1-mEGFP-kanMX6 ade6-M216*/*ade6-M210 leu1-32/leu1-32 ura4^+^/ura4-D18*                      This study
  IH1711     *h^+^ cut12-NEGFP:ura4^+^ leu1-32 ura4-D18*                                                                                 Iain Hagan (University of Manchester)
  MO1427     *h^90^ Z2-CFP-atb2-nat lys1::nmt1-GFP-cdc31-kan ade6 leu1 ura4*                                                             [@B85])
  MO1767     *h^−^ pat1.114 sid4-GFP-kan ade6-M216 leu1*                                                                                 [@B85])
  MO2127     *h^90^ pcp1-GFP-kan hrs1-CFP-nat cut11-mCherry-hph ade6-M216 leu1 ura4*                                                     [@B85])
  MO3501     *h^90^ ppc89-GFP-kan hrs1-CFP-nat cut11-mCherry-hph ade6-M216 leu1 ura4*                                                    [@B85])
  MS1371     *h^−^ Patb2-mRFP-atb2 leu1-32 ura4-D18*                                                                                     [@B101])
  MS1381     *h^−^ cut11-3mRFP-hphMX6 leu1-32 ura4-D18*                                                                                  [@B101])
  SP622      *h^−^ cdc10-V50 ura4-D18*                                                                                                   [@B93])
  YS22       *h^−^ ade5∆ ade7∆::ade5^+^ his5∆ ura4-∆ leu1-32*                                                                            [@B110])

Diploid strains were made as described by [@B76]. To delete the *sfi1* ORF, an *h^+^/h^−^* diploid strain homozygous for *pcp1-GFP-kan* and *mRFP-atb2* was transformed with a fragment containing *sfi1∆::natMX6* with 70 base pairs of sequences homologous to the *sfi1* 5′ and 3′ UTRs. Transformants that grew on YE5S-ade+Nat plates were checked by PCR to confirm the deletion of *sfi1*.

Whole-genome sequencing to identify the *M46* mutation
------------------------------------------------------

About 10^9^ *M46* cells grown on a YE5S plate were harvested, and genomic DNA was extracted using the MasterPure Yeast DNA Purification Kit (Epicentre Biotechnologies, Madison, WI). Genomic DNA was fragmented to the size range of 200--1000 base pairs by sonication. Fragmented DNA was end repaired, dA-tailed using the NEBNext kit (NEB, Ipswich, MA), and ligated to preannealed adaptor oligonucleotides (5′-ACACTCTTTCCCTACACGACGCTCTTCCGATCTGTAT-3′ and 5′-P-TACAGATCGGAAGAGCGGTTCAGCAGGAATGCCGAG-3′). Ligation products of 300--500 base pairs were size selected by gel purification and amplified by PCR for 14 cycles using primers 5′-AATGATACGGCGACCACCGAGATC­TACACTCTTTCCCTACACGACGCTCTTCCGATCT-3′ and 5′-CAA­GCAGAAGACGGCATACGAGATCGGTCTCGGCATTCCTGCTGAACCGCTCTTCCGATCT-3′. The PCR products were purified with the Illustra GFX kit (GE Healthcare, Little Chalfont, UK) and sequenced on an Illumina Hi-Seq 2000 for 49 cycles using the standard sequencing primer. Sequencing read mapping and single nucleotide polymorphism (SNP) calling were carried out using MAQ ([@B68]). Annotation of the SNPs was performed with SnpEff ([@B22]).

Microscopy and image analysis
-----------------------------

Before microscopy, cells were grown in liquid medium (YE5S for haploid strains and YE5S-ade for diploid strains) in exponential phase for ∼48 h at 25°C as described by [@B119]. *GFP-cdc31* cells were cultured in YE5S liquid medium for ∼24 h, washed in EMM5S medium, and grown in exponential phase in EMM5S for 48 h to induce the expression of GFP-Cdc31. To stain DNA in live cells, cells were washed into EMM5S, and Hoechst 33258 (Sigma-Aldrich, St. Louis, MO) was added to a final concentration of 10 μg/ml from a 1-mg/ml stock. After incubation for 10 min in the dark at room temperature, cells were collected by centrifugation at 5000 rpm for 30 s before imaging.

Microscopy was performed at 23--24°C unless otherwise stated. To image cells at 36°C, cells pregrown at 36ºC for appropriate periods were observed on an objective heated with an objective heater (Bioptechs, Butler, PA), and precautions were taken to maintain cells at 36°C throughout sample preparation and image acquisition ([@B58]). For most experiments, cells were prepared and imaged using the UltraVIEW ERS spinning-disk confocal microscope (PerkinElmer, Waltham, MA) with a 100×/1.4 numerical aperture Plan-Apo objective lens (Nikon, Melville, NY) as previously described ([@B23]; [@B58]). Lasers at 488, 514, and 568 nm were used to excite green, yellow, and red fluorescent proteins, respectively. A cooled charge-coupled device (CCD) camera (ORCA-AG; Hamamatsu, Bridgewater, NJ) was used with 2 × 2 binning.

The images in [Figures 2, C](#F2){ref-type="fig"} and [D](#F2){ref-type="fig"}, [3B](#F3){ref-type="fig"}, [5D](#F5){ref-type="fig"}, and [6](#F6){ref-type="fig"} and Supplemental Figures S1A, S2, and S3 were collected using an equivalent objective on an UltraVIEW Vox CSUX1 spinning-disk confocal microscope (PerkinElmer). Lasers at 440, 488, 515, and 561 nm were used to excite cyan, green, yellow, and red fluorescent proteins, respectively. A back-thinned electron-multiplying CCD camera (Hamamatsu C9100-13) was used without binning. The images shown in [Figures 1G](#F1){ref-type="fig"} and [7B](#F7){ref-type="fig"} and Supplemental Figure S5C were collected using an equivalent objective on a Nikon Eclipse Ti inverted microscope equipped with differential interference contrast (DIC) and 4′,6-diamidino-2-phenylindole filters and a Nikon DS-QI1 cooled CCD camera. In experiments that required imaging of the same cells over a long period of time, 2 μl of concentrated cells from an exponential-phase liquid culture (OD~590~ 0.2--0.5) were placed in a 35-mm dish with a glass coverslip bottom (0420041500C; Bioptechs) and covered with a piece of YE5S agar.

For tetrad fluorescence microscopy, diploid cells were streaked onto an SPA5S plate and incubated at 25°C for 1--3 d. After picking tetrads and separating spores on a YE5S plate using a tetrad-dissection microscope, cells were incubated at 25°C for 0.5--2 d. Then a piece of YE5S agar with the cells to be imaged was cut out from the plate and inverted onto a 60 mm × 24 mm coverslip (FisherBrand 22266882). The positions of colonies on the automated stage of the UltraVIEW Vox CSUX1 system were identified and saved, and cells at these positions were imaged at every time point using Volocity software.

The images in figures are maximum-intensity projections of *z*-sections spaced at 0.2--0.6 μm except where noted. Merged images of two channels were generated using UltraVIEW, Volocity, or ImageJ.

Quantification of protein molecules
-----------------------------------

Fluorescence intensities were quantified as described previously ([@B118]; [@B117]; [@B58]) with some modifications. For measuring fluorescence intensities of SPB proteins, the focal plane with the maximum intensity ([Figure 3C](#F3){ref-type="fig"} and Supplemental Figures S4, A and B, and S5, B and D) or the summed intensities of *z*-sections spaced at 0.4 μm for each SPB ([Figure 3D](#F3){ref-type="fig"} and Supplemental Figures S2C and S3) were used. When Sfi1-mEGFP was quantified with both methods, the results were statistically indistinguishable from each other, suggesting that it does not make a significant difference in this application because all of the quantified proteins are in the same structure. The florescence intensity in a 6 × 6--pixel region of interest (ROI) was measured, and a concentric 10 × 10--pixel ROI was used to correct for the cellular background. To convert fluorescence intensities to numbers of molecules, cells expressing Sad1-mEGFP or Sad1-tdTomato in early mitosis (distance between the two SPBs \<2 μm) were used as standards, and the mean number of Sad1 molecules in each SPB (*n \>* 20) was set at 500 ([@B118]). Recruitment rates of Sfi1-mEGFP in mitosis and interphase were slopes of the linear curve fits for 0--30 and 30--185 min after SPB separation, respectively.

To calculate the concentration of Sfi1 in the whole cell during interphase or septation (Supplemental Figure S1D), cell area (*A*) was measured and converted to cell volume as described previously ([@B118]; [@B117]). To compare the number of molecules on SPBs in early versus late G2 in an unsynchronized culture, we also converted the measured cell area to cell length as follows. The two-dimensional shape of a fission yeast cell was assumed to be a rectangle capped by a semicircle at each end, and the cell width, and thus the diameter of the circle, was taken as 4 μm. Therefore, if cell length is *L* micrometers, *A* measured is equal to the area of the rectangle, (*L* − 4) × 4, plus the area of the two semicircles, \[(π × 4)/2\] × 2. Therefore cell area can be converted to cell length using the equation *L* = *A*/4 -- π + 4. For cells with two SPBs and no septum (mitotic cells), the three-dimensional distance (*D*) between two SPBs was calculated using the equation *D*^2^ = *d~xy~*^2^ + *d~z~*^2^ and taken as the spindle length. The distance *d~xy~* between two SPBs was measured by drawing a line connecting two SPBs in maximum-intensity projection, and the distance *d~z~* was the spacing in the *z*-axis between the best focal planes for the two SPBs.

FRAP analysis
-------------

FRAP analysis was performed using the photokinesis unit on the UltraVIEW ERS confocal system. A picture at the middle of a group of cells was taken first, and several 6 × 6--pixel ROIs were drawn at sites with the best-focused Sfi1 signals in the same focal plane. Fluorescence in the ROIs was bleached after four prebleach images were collected, and then 120 postbleach images were collected at 2-s intervals. Data analyses were performed as described by [@B23], with corrections of background and photobleaching during image acquisition. SPBs that moved out of the focal plane during image acquisition were excluded from the analyses. Percentage recovery was plotted using KaleidaGraph. Kymographs were produced using ImageJ, and the plug-in SpeckleTrackerJ (<http://athena.physics.lehigh.edu/speckletrackerj/index.chy>) from Dimitrios Vavylonis\'s group was used to center the position of each SPB.

Electron microscopy
-------------------

To synchronize cells at G1/S, strains JW5132 (*sfi1^+^ cdc10-V50*) and JW5130-3 (*sfi1-M46 cdc10-V50*) were cultured at 25°C for 2 d in exponential phase and shifted to 36°C for 4.5 h. Cells were harvested at 36°C and prepared for EM as described previously ([@B37]). Briefly, cells were harvested on Millipore filters and frozen in a Wohlwend Compact 02 High Pressure Freezer. The cryofixed cells were freeze substituted in the presence of 2% osmium tetroxide and 0.1% uranyl acetate in acetone and then embedded in Epon-Araldite epoxy resin. Blocks of embedded cells were serially sectioned at a thickness of 70 nm and poststained with uranyl acetate and lead citrate. Sections were then observed on a Philips CM100 transmission electron microscope (FEI, Hillsboro, OR).
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CCD

:   charge-coupled device

DIC

:   differential interference contrast

EM

:   electron microscopy

EMM5S

:   Edinburgh minimal medium with five supplements

MTOC

:   microtubule-organizing center

ROI

:   region of interest

SIN

:   septation-initiation network

SPA5S

:   sporulation agar medium with five supplements

SPB

:   spindle pole body

YE5S

:   yeast-extract medium with five supplements

wt

:   wild type
